
EFFECTS OF CATALYSTS AND C02 GASIFICATION 
ON THE ESR OF CARBON BLACK. 11. 

Kenneth M .  S a n c i e r  

SRI I n t e r n a t i o n a l  
Menlo Park ,  CA 94025 

INTRODUCTION 

I n  a previous  paper ,  we  r e p o r t e d  some p r e l i m i n a r y  r e s u l t s  o f  a n  i n  s i t u  e s r  
s t u d y  of a K2C03-carbon b l a c k  mixture  a s  a f u n c t i o n  of  tempera ture  and steam gasi-  
f i c a t i o n . [ ' ]  We found that ( 1 )  h e a t i n g  t h e  mixture  i n  hel ium above 600 K produced 
i r r e v e r s i b l e  broadening of  t h e  esr l i n e ,  which d i d  not  occur  f o r  carbon b lack  
a l o n e ,  (2)  t h e  broadened l i n e  had a shape broader  than  h r e n t z i a n ,  and (3) under 
s team g a s i f i c a t i o n  c o n d i t i o n s ,  t h e  e s r  l i n e  wid th  decreased  i n  p r o p o r t i o n  to  the 
steam c o n c e n t r a t i o n .  

I n  t h e  p r e s e n t  paper ,  we r e p o r t  f u r t h e r  r e s u l t s  from i n  s i t u  esr s t u d i e s  of  
(1)  the  thermal  i n t e r a c t i o n  between carbon b l a c k  and v a r i o u s  sa l t s  and (2)  e f f e c t  
of  C02 g a s i f i c a t i o n  c o n d i t i o n s .  Also,  we used t h e  e s r  techniqueL2] t o  provide 
informat ion  on  changes i n  t h e  e l e c t r i c a l  c o n d u c t i v i t y  o f  a sample t h a t  may r e l a t e  
t o  t h e  mechanisms o f  t h e  thermal  and g a s i f i c a t i o n  r e a c t i o n s .  

EXPERIMENTAL 

The s p e c i f i c a t i o n s  o f  t h e  carbon b l a c k  (Spheron-6, Cabot Corpora t ion)  and t h e  
esr a p p a r a t u s  have been d e s c r i b e d . [ ' ]  The samples  c o n s i s t e d  of a mixture  of 3 w t %  
carbon b l a c k  i n  a g i v e n  sa l t  t h a t  was mechanica l ly  ground w i t h  a mor ta r  and 
p e s t l e .  'Ihe o n l y  d i l u e n t  o f  t h e  carbon b l a c k  was a g i v e n  s a l t .  A l l  the  s a l t s  
were of  reagent  q u a l i t y .  The amount o f  sample mixture  examined by e s r  was ad- 
j u s t e d  so t h a t  a known mass o f  carbon b l a c k  w a s  p r e s e n t ,  between 3 and 6 mg. 

Carbon d i o x i d e  g a s i f i c a t i o n  was performed by using premixed g a s e s  conta in ing  
and 0, 4.1, 7.9, and 15.8 ~ 0 1 %  co2 in helium. A swi tch ing  v a l v e  was used t o  
select t h e  d e s i r e d  g a s  mixture  t o  f low over  t h e  sample i n  t h e  q u a r t z  r e a c t o r  
mounted in t h e  h igh  t e m p e r a t u r e  e s r  sample h e a t e r .  

The techniques  f o r  measuring changes i n  t h e  r e l a t i v e  e l e c t r i c a l  c o n d u c t i v i t y  
o f  a sample r e s u l t i n  from tempera ture  changes or  chemical  changes have been 
d e s c r i b e d  elsewhere.r2? B r i e f l y ,  a change i n  e l e c t r i c a l  c o n d u c t i v i t y  o f  a samp e 
is approximate ly  p r o p o r t i o n a l  to two e l e c t r i c a l  c o n d u c t i v i t y  parameters ,  A I p  
and A I D ,  that  can  be  measured d u r i n g  an esr measurement. Ip  is t h e  peak he ight  of 
t h e  resonance s i g n a l  of  a r e f e r e n c e  sample (0.1% p i t c h  i n  K C 1 ,  V a r i a n ) ,  which was 
s i t u a t e d  i n  t h e  a u x i l i a r y  c a v i t y  o f  a d u a l  r e c t a n g u l a r  c a v i t y  (TEloi); t h e  sample 
w a s  s i t u a t e d  i n  t h e  o t h e r  c a v i t y ,  which has  t h e  sample h e a t e r  a c c e s s o r y .  AI,' 
c a l c u l a t e d  from t h e  d i f f e r e n c e s  i n  t h e  v a l u e s  of  I,' r e f e r r i n g  t o  two d i f f e r e n t  
c o n d i t i o n s  of  t h e  sample,  e .g . ,  t empera ture .  ID is t h e  b i a s  c u r r e n t  of  t h e  
c r y s t a l  d i o d e  d e t e c t o r  o f  t h e  microwave b r i d g e ,  and A I D  is t h e  change i n  t h i s  
c u r r e n t  r e s u l t i n g  from a change i n  t h e  e lectr ical  c o n d u c t i v i t y  o f  t h e  sample. By 
connec t ing  a r e c o r d e r  t o  t h e  c r y s t a l  d i o d e  c u r r e n t  meter, i t  was p o s s i b l e  t o  
record A I D  a s  a f u n c t i o n  o f  time d u r i n g  g a s i f i c a t i o n  exper iments .  
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AI-' is s u i t a b l e  f o r  measuring r e l a t i v e l y  l a r g e  changes i n  e l e c t r i c a l  conduct i -  
v i e y ,  such a s  those  a r i s i n g  from h e a t i n g  a sample.  The parameter  AID is u s e f u l  
f o r  fo l lowing  smal le r  changes in t h e  e l e c t r i c a l  c o n d u c t i v i t y  o f  a sample, e - g . ,  
a r i s i n g  from a chemical  change a s s o c i a t e d  wi th  C 0 2  g a s i f i c a t i o n .  

Free r a d i c a l  c o n c e n t r a t i o n s  were measured by us ing  a computer t o  s t o r e  t h e  
e s r  d a t a  and to  c a l c u l a t e  t h e  f i r s t  moments o f  t h e  f i r s t  d e r i v a t i v e  c u r v e s .  The 
r e s u l t s  were normalized f o r  c a v i t y  s e n s i t i v i t y  using Ip,  g a i n ,  rf  modulat ion 
ampl i tude  s e t t i n g s  ( t y p i c a l l y  0.1 mT), and mass o f  carbon.  Microwave power i n c i -  
d e n t  on t h e  sample c a v i t y  was 1 mW. 

RESULTS 

F o r  convenience,  t h e  r e s u l t s  o f  t h e  i n  s i t u  esr measurements made on s e v e r a l  
thermal  e f f e c t s  and sa l t -carbon b lack  mixtures  w i l l  be  s u b d i v i d e d x o  two p a r t s :  

CO2 g a s i f i c a t i o n  e f f e c t s .  

Before each s e r i e s  o f  e s r  measurements w i t h  a g iven  sample, oxygen was 
desorbed from t h e  carbon by h e a t i n g  t h e  sample in t h e  esr r e a c t o r  c e l l  a t  about  
500 K f o r  5 min whi le  helium flowed through t h e  c e l l .  The v a l u e  o f  t h e  esr l i n e  
width measured a t  room tempera ture  was about  7.0 mT (70 gauss)  b e f o r e  t h e  d e s o r p -  
t i o n  and about  0.15 mT a f t e r  t h e  d e s o r p t i o n .  The esr l i n e  was symmetric f o r  a l l  
t h e  sa l t -carbon b l a c k  mixtures .  

Various samples  were t e s t e d  f o r  microwave power s a t u r a t i o n ,  and none was 
d e t e c t e d  f o r  sample tempera tures  examined i n  t h e  range from 290 t o  800 K and f o r  
microwave power l e v e l s  i n c i d e n t  o n  t h e  sample in t h e  range o f  0.1 t o  40 MW; t h e  
upper  va lue  was l i m i t e d  by t h e  e lec t r ica l  c o n d u c t i v i t y  o f  t h e  samples .  

Thermal E f f e c t s  

The thermal  i n t e r a c t i o n  between a sa l t  and carbon b l a c k  heated i n  helium were 
i n v e s t i g a t e d  by s tudying  a series of  potassium ha l ide-carbon b l a c k  m i x t u r e s .  
Alkali metal h a l i d e s  are less a c t i v e  c a t a l y s t s  than  K2CO f o r  g a s i f i c a t i o n  o f  
carbonaceous m a t e r i a l s .  f 3 s 4 ]  For comparison,  a K 2 C 0 3  c a d o n  b l a c k  mixture  was 
inc luded .  Also  included was a mixture  o f  carbon b l a c k  wi th  CaO which is expected 
t o  be a r e l a t i v e l y  poor g a s i f i c a t i o n  ~ a t a l y s t [ ~ * ~ ]  and has  r e l a t i v e l y  low 
e l e c t r i c a l  c o n d u c t i v i t y  a t  e l e v a t e d  tempera tures .  Hence, t h e  CaO s e r v e s  as a 
d i l u e n t  t o  d e c r e a s e  microwave s k i n  d e p t h  e f f e c t s  so t h a t  t h e  esr p r o p e r t i e s  o f  
carbon b l a c k  a l o n e  can b e  s t u d i e d .  

To de te rmine  t h e  e f f e c t s  o f  h e a t i n g  t h e  m i x t u r e s  i n  helium we measured t h r e e  
esr parameters  s imul taneous ly :  v a r i a t i o n s  i n  t h e  f r e e  r a d i c a l  c o n c e n t r a t i o n ,  l i n e  
wid th ,  and AI;'. Measurements were made a t  s u c c e s s i v e l y  h i g h e r  tempera tures  
( F i g u r e s  l a  and Za) ,  b u t  b e f o r e  p r o g r e s s i o n  t o  each  next  h igher  t e m p e r a t u r e ,  a 
measurement was made a t  290 K ( F i g u r e s  l b  and 2b) .  

The f r e e  r a d i c a l  c o n c e n t r a t i o n s  uncorrec ted  f o r  C u r i e ' s  l a w  were e s s e n t i a l l y  
independent  of b o t h  t h e  measurement tempera ture  and t h e  type  o f  s a l t ,  w i t h i n  t h e  
accuracy  o f  these  measurements The v a l u e s  of  Ip, which were used t o  normal ize  t h e  
f r e e  r a d i c a l  c o n c e n t r a t i o n s  f o r  changes in c a v i t y  s e n s i t i v i t y ,  v a r i e d  by a f a c t o r  
o f  about  10 over  t h e  tempera ture  range  s t u d i e d ,  i n d i c a t i n g  t h e  importance o f  such 
a c o r r e c t i o n .  
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The esr l i n e  width began t o  i n c r e a s e  a t  t empera tures  above 850 K ,  and the  
magnitude of  t h e  i n c r e a s e  was s t r o n g l y  dependent  on t h e  an ion  o f  t h e  s a l t  (Figure 
l a ) .  When t h e  sample was cooled t o  room tempera ture  t h e  l i n e  wid th  decreased .  h 
i r r e v e r s i b l e  e f f e c t  is e v i d e n t  by t h e  f a c t  t h a t  a s i g n i f i c a n t  f r a c t i o n  o f  t h e  l i n e  
broadening produced a t  h i g h e r  t e m p e r a t u r e s  was r e t a i n e d  upon c o o l i n g  the  samples 
(compare F i g u r e s  la and l b ) .  I n  g e n e r a l ,  t h e  e f f e c t  on l i n e  wid th  and t h e  magni- 
t u d e  o f  t h e  i r r e v e r s i b l e  e f f e c t s  f o r  t h e  s a l t s  decreased  in t h e  fo l lowing  order :  

K B r  - K C 1  - K I  > K2C03 = KF > CaO. 

The e l e c t r i c a l  c o n d u c t i v i t y  parameter ,  AI;', g e n e r a l l y  increased  wi th  heat ing 
tempera ture ,  and wi th  few e x c e p t i o n s  was almost  independent  o f  t h e  t y p e  of s a l t  
mixed wi th  carbon b l a c k  ( F i g u r e  2 a ) .  The r e s u l t s  of  t h e  measurements a t  290 K ,  
a f t e r  c o o l i n g  from a g i v e n  h i g h e r  tempera ture ,  a l s o  i n d i c a t e  t h a t  an i r r e v e r s i b l e  
i n c r e a s e  in t h e  e l e c t r i c a l  c o n d u c t i v i t y  f o r  some salts  had been produced thermally 
(compare F igures  2a and 2 b ) .  Measurements on tm sa l t s ,  K 2 C 0 3  o r  K C 1 ,  in t h e  
absence of  c a r b o n  b l a c k  show t h a t  t h e  AI;' parameter  has  a very  small temperature  
dependence,  i n c r e a s i n g  l e s s  t h a n  10% a s  t h e  tempera ture  was r a i s e d  from 300 t o  
1200 K .  

Comparison o f  F i g u r e s  1 and 2 s u g g e s t s  t h a t  t h e r e  is a q u a l i t a t i v e  s i m i l a r i t y  
in t h e  way t h e  h e a t i n g  tempera ture  a f f e c t s  t h e  two parameters  l i n e  width 
and AI;'. r e l a t i o n s h i p  between l i n e  wid th  and AI- '  is shown in 
Figure  3 ,  which is a r e p l o t  o f  t h e  r e s u l t s  in F i g u r e s  la and 2a. d e  c u r v e s  drawn 
in Figure  3 i n d i c a t e  t h a t  l i n e  wid th  has  a monotonic r e l a t i o n s h i p  t o  AI;'> bu t  
t h a t  the  f u n c t i o n a l  dependence may b e  d i f f e r e n t  f o r  d i f f e r e n t  sa l t s .  

CO, G a s i f i c a t i o n  E f f e c t s  

A test  o f  t h e  

A t  e l e v a t e d  tempera tures  when He g a s  pass ing  over  a sample w a s  switched t o  He 
c o n t a i n i n g  C 0 2  (15.8%),  t h e  l i n e  wid th  decreased  and t h e  f r e e  r a d i c a l  concen- 
t r a t i o n  increased  a s  shown in F i g u r e s  4 and 5,  r e s p e c t i v e l y .  Before the C02 
g a s i f i c a t i o n  measurements, t h e  sample was t h e r m a l l y  e q u i l i b r a t e d  a t  a g i v e n  tem- 
p e r a t u r e  f o r  about  20 m i n .  However, t h e  l i n e  wid th  and f r e e  r a d i c a l  c o n c e n t r a t i o n  
cont inued t o  change s lowly ,  probably  t h e  r e s u l t  o f  s low i r r e v e r s i b l e  changes 
caused by C02 a s  d i s c u s s e d  above .  Therefore .  t o  s e p a r a t e  the  s low thermal  changes 
from t h e  r a p i d  changes produced by CO we switched t h e  g a s  f lowing over t h e  
sample a t  a g i v e n  t e m p e r a t u r e ,  800 o r  %50 K ,  back  and f o r t h  between He and He 
c o n t a i n i n g  cop. The sequence o f  t h e  measurements is i n d i c a t e d  by t h e  numbers 
b e s i d e  the  d a t a  points in F i g u r e s  4 and 5. These r e s u l t s  show that C02 had a 
g r e a t e r  e f f e c t  a t  t h e  h i g h e r  tempera ture  f o r  b o t h  l i n e  width and f r e e  r a d i c a l  
c o n c e n t r a t i o n .  Also, a t  a g i v e n  t e m p e r a t u r e  t h e  magnitude o f  t h e  e f f e c t  tended t o  
become l i m i t e d  a t  c o n c e n t r a t i o n s  o f  C02  g r e a t e r  t h a n  about  4%; e.g., see t h e  l i n e  
wid th  dependence a t  850 K in F i g u r e  4 .  'Ibis behavior  is probably due t o  a 
d i f f u s i o n - l i m i t e d  process .  

It  was o f  i n t e r e s t  t o  d e t e r m i n e  whether  COP g a s i f i c a t i o n  c o n d i t i o n s  a l t e r e d  
t h e  e l e c t r i c a l  c o n d u c t i v i t y  o f  t h e  sample, b u t  t h e  e lectr ical  c o n d u c t i v i t y  para- 
m e t e r ,  AI;', e x h i b i t e d  a v e r y  small and almost  i m p e r c e p t i b l e  response .  Therefore ,  
t h e  more s e n s i t i v e  e l e c t r i c a l  c o n d u c t i v i t y  parameter ,  A I D  , w a s  used.  The 
recorded v a l u e  o f  A I  is shown in F i g u r e  6,  which shows t h e  changes that occurred D a s  t h e  g a s  pass ing  over  t h e  sample at 855 K was switched between He and 15.8 % C02 
in He. Although t h e  sample was i n i t i a l l y  in He t h e  p o s i t i v e  s l o p e  o f  A I D  in- 
d i c a t e s  t h a t  t h e  sample was not s t a b l e  a l though i t  had been t h e r m a l l y  e q u i l i -  
b r a t e d .  However, it is clear from t h e  r e c o r d i n g  t h a t  C02 caused t h e  va lue  of  A I D  
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t o  d e c r e a s e  ( e l e c t r i c a l  c o n d u c t i v i t y  d e c r e a s e )  and t h a t  subsequent  exposure  t o  He 
caused t h e  va lue  of  AID t o  i n c r e a s e .  

The observed v a l u e s  o f  t h e  l i n e  wid th  are  marked in F i g u r e  6 a t  t h r e e  p o i n t s  
in time. The r e s u l t s  show t h a t  t h e  l i n e  wid th  changed r e v e r s i b l y  when t h e  sample 

I was a l t e r n a t e l y  exposed t o  He and C 0 2 .  Also, t h e  d e c r e a s e  i n  l i n e  wid th  cor re-  
l a t e s  wi th  t h e  d e c r e a s e  in t h e  e l e c t r i c a l  c o n d u c t i v i t y  of  t h e  sample,  a s  was t h e  

I c a s e  in t h e  s tudy o f  thermal  e f f e c t s  d i s c u s s e d  e a r l i e r .  

When carbon b l a c k  a l o n e  and m i x t u r e s  o f  carbon b l a c k  w i t h  t h e  potassium 
h a l i d e s  o r  with CaO were exposed t o  Cog g a s i f i c a t i o n  c o n d i t i o n s  a t  850 K,  very  
smal l  o r  no changes were observed to  occur  in l i n e  wid th ,  f r e e  r a d i c a l  concen- 
t r a t i o n ,  o r  in e l e c t r i c a l  c o n d u c t i v i t y  ( A I  ) .  

The c o r r e l a t i o n  between an i n c r e a s e  in t h e  v a l u e  o f  AI and a n  in rease in 
e l e c t r i c a l  c o n d u c t i v i t y  was e s t a b l i s h e d  by not ing  that  b o t h \ I D  and AI: changed 
in t h e  same way f o r  l a r g e  enough changes i n  e l e c t r i c a l  c o n d u c t i v i t y ,  e .g . ,  a s  
produced by a n  i n c r e a s e  o f  sample tempera ture .  

D 

DISCUSSION 

In t h e  prev ious  paper[’] some s u g g e s t i o n s  were made t o  account  f o r  t h o s e  
, changes occurr ing  in t h e  esr s p e c t r a  due t o  a thermal  i n t e r a c t i o n  between carbon 

b l a c k  and K CO and due  t o  steam g a s i f i c a t i o n .  The a d d i t i o n a l  e x p e r i m e n t a l  i n f o r -  -, mat ion  obtaZnea in t h e  p r e s e n t  esr s t u d y ,  p e r t a i n i n g  t o  v a r i o u s  o t h e r  sa l t s  and a 
s t u d y  of  Co2 g a s i f i c a t i o n ,  provides  a b r o a d e r  b a s i s  f o r  i n t e r p r e t i n g  t h e  mecha- ’\ nisms o f  t h e  thermal  and g a s i f i c a t i o n  r e a c t i o n s .  

Thermal E f f e c t s  

! Two mechanisms were s u g g e s t e d [ l ]  t o  account  f o r  t h e  e s r  l i n e  broadening r e s u l t i n g  
from h e a t i n g  a mixture  o f  sa l t  and carbon b lack:  (1) i n c r e a s e d  e l e c t r i c a l  con- 

\, d u c t i v i t y  and ( 2 )  unreso lved  h y p e r f i n e  s p l i t t i n g  ( h f s )  due t o  a n  i n t e r a c t i o n  
between t h e  magnet ic  moment o f  t h e  unpaired e l e c t r o n  and t h a t  o f  t h e  n u c l e u s  o f  
t h e  c a t i o n  o f  t h e  s a l t .  The c u r r e n t  r e s u l t s  sugges t  t h a t  t h e  i n c r e a s e  in l i n e  
width is r e l a t e d  t o  t h e  i n c r e a s e  in t h e  e lectr ical  c o n d u c t i v i t y  because  o f  t h e  
observed p r o p o r t i o n a l i t y  between t h e  l i n e  width and t h e  change in the  e l e c t r i c a l  
c o n d u c t i v i t y  parameter  f o r  a s e r i e s  o f  s a l t - c a r b o n  b l a c k  m i x t u r e s  heated t o  var -  
ious t empera tures  ( F i g u r e  3 ) .  In the  fo l lowing  d i s c u s s i o n ,  t h e  r e l a t i o n s h i p  
between t h e s e  two parameters  is examined in d e t a i l .  

We p o s t u l a t e  that some s o r t  o f  complex is formed between c e r t a i n  salts  and 
carbon b l a c k  t o  account  f o r  t h e  i n c r e a s e  i n  t h e  e lec t r ica l  c o n d u c t i v i t y  and esr 
l i n e  wid th  r e s u l t i n g  from h e a t i n g  m i x t u r e s  o f  s a l t s  and carbon b l a c k  be ing  
s i g n i f i c a n t l y  g r e a t e r  than  t h e  i n c r e a s e  when t h e  i n d i v i d u a l  components a r e  
h e a t e d .  Genera l ly ,  a n  i n c r e a s e  i n  e l e c t r i c a l  c o n d u c t i v i t y  is due  t o  a n  i n c r e a s e  
i n  t h e  c o n c e n t r a t i o n  o r  m o b i l i t y  o f  t h e  charge  c a r r i e r s .  S ince  t h e  f r e e  r a d i c a l  
c o n c e n t r a t i o n  of  t h e  s a l t - c a r b o n  b l a c k  m i x t u r e s  was i n s e n s i t i v e  t o  tempera ture ,  i t  
a p p e a r s  that charge carriers (conduct ion  e l e c t r o n s  o r  h o l e s )  a r e  mainly respon- 
s i b l e  f o r  t h e  observed esr s i g n a l ,  whereas  n - e l e c t r o n s  would obey C u r i e ’ s  law. If 
t h e  esr measurements d e t e c t  a l l  t h e  charge  carriers,  t h e n  t h e  observed i n c r e a s e  of  
t h e  e l e c t r i c a l  c o n d u c t i v i t y  wi th  i n c r e a s e  in temperatue is due  mainly t o  an 
i n c r e a s e  in charge  carr ier  m o b i l i t y .  

6 5  



We propose a s e r i e s  o f  r e a c t i o n s  t o  account  f o r  t h e  e f f e c t  o f  t h e  e l e c t r o n i c  
p r o p e r t i e s  o f  t h e  s o l i d .  F i r s t ,  e l e m e n t a l  meta l  a toms are produced by carbon 
r e d u c t i o n  of t h e  c a t i o n  o f  t h e  sa l t  (e .g . ,  k ) ; 1 6 ]  Second, a n  extended aromatic  
s t r u c t u r e  d e v e l o p s  by loss o f  hydrogen and polymer iza t ion  o f  t h e  carbonaceous 
 material,['^*] and t h i s  po lymer iza t ion  could p o s s i b l y  be  c a t a l y z e d  by a s a l t  o r  a 
metal atom. Thi rd ,  a complex is formed between a n  a r o m a t i c  s t r u c t u r e  and t h e  ions 
or atoms of t h e  s a l t .  For  example, s u c h  a complex could i n v o l v e  m e t a l  ions o r  
atoms which (1)  s u b s t i t u t e  f o r  t h e  hydrogens of  CH o r  OH groups  o f  t h e  aromatic  
s t r u c t u r e , [ 9 ]  ( 2 )  i n t e r a c t  e l e c t r o s t a t i c a l l y  wi,th t h e  r r -orb i ta l s  o f  t h e  extended 
aromat ic  s t r u c t u r e , [ l O ]  o r  (3 )  form a kind o f  i n t e r c a l a t i o n  compound wi th  t h e  
a v a i l a b l e  g r a p h i t e - l i k e  s t r u c t u r e s ,  a l t h o u g h  such compounds are u s u a l l y  not  
expected to be s t a b l e  a t  g a s i f i c a t i o n  t e m p e r a t u r e s .  

For most sa l t s  s t u d i e d ,  t h e  changes i n  t h e  esr parameters  are  l a r g e l y  i r r e -  
v e r s i b l e ,  i n d i c a t i n g  t h a t  t h e  s a l t - c a r b o n  b l a c k  complex is s t a b l e .  The g r e a t e r  
e f f e c t s  produced by t h e  a l k a l i  m e t a l  s a l t s  than  by CaO o r  A1203[1] are probably 
due to t h e  g r e a t e r  e a s e  w i t h  which carbon c a n  reduce  t h e  a l k a l i  m e t a l  c a t i o n s .  

Based on t h e  c o n c e p t s  sugges ted  above, w e  propose that  t h e  observed l i n e  
broadening r e s u l t s  from r e l a x a t i o n  e f f e c t s  that occur  i n  t h e  s a l t - c a r b o n  b lack  
complex when t h e  unpaired e l e c t r o n s  observed by esr e x p e r i e n c e  t h e  inhomogeneous 
f i e l d s  developed n e a r  t h e  s i tes  a t  which a sa l t  (e .g . ,  t h e  m e t a l  atom O K  c a t i o n  
and the  a n i o n )  i n t e r a c t s  w i t h  t h e  a romat ic  carbon s t r u c t u r e .  S ince  these  s i t e s  
a r e  nonuniformly d i s t r i b u t e d ,  t h e  unpaired e l e c t r o n s  i n  a conduct ion  band o r  in 

I r -orb ' i ta ls  e x p e r i e n c e  d i f f e r e n t  envi ronments ,  r e s u l t i n g  i n  inhomogeneous broa- 
dening o f  t h e  esr l i n e .  The observed l i n e  shape ,  which is broader  than 
Lorentz ian ,  probably r e s u l t s  from a s u p e r p o s i t i o n  of  t w o  o r  more Lorentz ian  l i n e s  
r e p r e s e n t i n g  d i f f e r e n t  envi ronments .  

1 

G a s i f i c a t i o n  E f f e c t s  
I 

G a s i f i c a t i o n  b y  e i t h e r  steam['] o r  COP o f  a s a l t - c a r b o n  b l a c k  sample r e s u l t s  

l i n e  wid th ,  a d e c r e a s e  i n  t h e  e l e c t r i c a l  c o n d u c t i v i t y ,  and a n  i n c r e a s e  i n  t h e  f r e e  
r a d i c a l  c o n c e n t r a t i o n .  T h e r e f o r e ,  it a p p e a r s  that  a s i n g l e  mechanism could 
account  f o r  t h e  changes i n  t h e  esr s p e c t r a  that occur  d u r i n g  g a s i f i c a t i o n  condi- I 
t i o n s .  

i n  t h e  same q u a l i t a t i v e  changes i n  t h e  t h r e e  esr parameters :  a d e c r e a s e  i n  t h e  I ,  

We sugges t  that steam o r  CO2 r e a c t s  wi th  t h e  sa l t -carbon complex and frag- 
ments carbon-carbon bonds o f  a r o m a t i c  r i n g s .  As a r e s u l t ,  t h e  unpai red  e l e c t r o n s  
w i l l  exper ience  a decreased  resonance  p a t h  and l e s s  i n t e r a c t i o n  w i t h  t h e  atoms o r  
ions o f  t h e  salt  that were a s s o c i a t e d  w i t h  t h e  a r o m a t i c  r i n g  b e f o r e  fragmenta- 
t i o n .  In o t h e r  words, t h e  unpai red  e l e c t r o n  will exper ience  fewer r e g i o n s  with 
inhomogeneous f i e l d s ,  and t h e r e f o r e  t h e  esr l i n e  width should d e c r e a s e .  

Also as a r e s u l t  of t h e  f r a g m e n t a t i o n  o f  t h e  a r o m a t i c  r i n g s  t h e  s t e a d y - s t a t e  
c o n c e n t r a t i o n  o f  f r e e  r a d i c a l s  w i l l  be i n c r e a s e d .  Although t h e s e  f r e e  r a d i c a l s  
a r e  probably u n s t a b l e  and w i l l  react w i t h  COP o r  polymerize to produce a more 
s t a b l e  s t r u c t u r e ,  o t h e r  r a d i c a l s  w i l l  be produced c o n t i n u o u s l y  by t h e  g a s i f i c a t i o n  
r e a c t i o n .  

The i n  s i t u  esr r e s u l t s  c l e a r l y  i n d i c a t e  t h a t  f o r  a s a l t  t o  promote c a t a l y t i c  
g a s i f i c a t i o n ,  b o t h  t h e  c a t i o n  and a n i o n  o f  a sa l t  must i n t e r a c t  wi th  t h e  carbon 
s t r u c t u r e .  That is, swi tch ing  t o  C02 g a s i f i c a t i o n  c o n d i t i o n s  caused changes i n  



t h e  esr parameters o n l y  f o r  sa l t s  w i t h  c a t a l y t i c  a c t i v i t y ,  e - g . ,  s a l t s  w i t h  a n  
a l k a l i  meta l  c a t i o n  and a non-halide an ion .  E v i d e n t l y ,  t h e  c h a r a c t e r  o f  t h e  salt-  
carbon complex de termines  c a t a l y t i c  a c t i v i t y .  

However, t h e  changes i n  t h e  esr parameters  produced b y  thermal  e f f e c t s  d o  not  
appear  t o  c o r r e l a t e  wi th  t h e  c a t a l y t i c  a c t i v i t y  of  t h e  sa l t s .  For  example, l a r g e  
i n c r e a s e s  i n  b o t h  l i n e  wid th  and electrical  c o n d u c t i v i t y  occurred  upon h e a t i n g  
m i x t u r e s  of  carbon b l a c k  wi th  e i t h e r  o f  two s a l t s ,  K2CO3 o r  K C 1 ,  which have widely 
d i f f e r e n t  c a t a l y t i c  a c t i v i t i e s .  

TO e l u c i d a t e  t h e  mechanism of c a t a l y t i c  g a s i f i c a t i o n ,  we p l a n  t o  c o n s i d e r  t h e  
informat ion  developed by esr along wi th  t ha t  obta ined  b y  o t h e r  t e c h n i q u e s  b e i n g  
pursued i n  our  l a b o r a t o r y .  
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